Desorption of vitamin E from silica-packed fixed-bed column was studied as functions of column bed height, column temperature and flow rate of isopropanol. Isopropanol was the desorbing solvent and it was eluted through the columns saturated with vitamin E. The desorption profiles of all systems showed that vitamin E might desorb at two distinct rates simultaneously. The slow desorbing step was the rate-controlling process for recovery of vitamin E. The desorption rate increased with the decrease of column bed height and flow rate, but increased with increasing column temperature. This indicated that the desorption process was an endothermic process. The percentage recovery of vitamin E upon completion of desorption was considered high for all systems, ranging from 94.8 to 98.8%, with vitamin E concentration in the extract of 18.5-21.5%. Although the bed height, column temperature and flow rate were functions of desorption rate, it appeared that percentage recovery and vitamin E concentration in the extract were rather unaffected by the operating conditions tested if the column was eluted by isopropanol for a sufficient time to desorb vitamin E. Nevertheless, the use of isopropanol would be more efficient if desorption was carried out at lower flow rate and higher column temperature.
INTRODUCTION
Adsorption column method applied for separation of vitamin E from fatty acid distillates (FAD) normally involves two solvents with different polarity. FAD containing vitamin E is dissolved in a low-polarity solvent such as hexane, heptane and benzene (Shibue and Tamura, 1986 ). The FAD solution is then eluted through a normal phase column. Most of the vitamin E molecules are adsorbed onto the adsorbents in the column while the extraneous, mainly the acylglycerols, are eluted out. To desorb vitamin E from the column, a highier polarity solvent such as methanol, ethanol, dichloromethane or the mixtures thereof is eluted through (Shibue and Tamura, 1986; Top et al., 1993; Ong et al., 1994) .
A suitable solvent is crucial for successful recovery of the vitamin. However, there are other factors which also play important roles in the desorption process. At the molecular level, desorption involves direct chemical and physical interactions between the adsorbate and adsorbent molecules at the adsorbent surfaces (Wang et al., 2001) . For non-ionic compounds like vitamin E, the interaction forces may involve van der Waal's, polar-polar, polar-induced polar and hydrogen bonding (Pignatello and Xing, 1996) . The rate of desorption is determined by one or more of the several rate controlling steps, which include (i) diffusion of solvent in the adsorbents, (ii) desorption of adsorbates, and (iii) mass transfer of adsorbates in the solvent within the adsorbent particles (Ho et al., 1998) . The desorption performance of a fixed-bed column also depends on the adsorbent behavior and overall arrangement of the bed (Ho et al., 1998) .
The desorption profiles of adsorbates from adsorption columns vary depending on the types of adsorbate and adsorbent and column operating conditions (Ho et al., 1998; Grathwohl and Reinhard, 1993; Thibaud-Erkey et al., 1996) . For examples, Thibaud-Erkey and co-workers (1996) reported two profiles in the desorption of chlorobenzene from oven-dried soil columns at different initial chlorobenzene concentrations, although the time taken for column clean up was the same. Similar results were reported by Farrell and Reinhard (1994) . The reason for such observations, however, is not fully understood. In some systems, there is a temperature-dependent desorption limit at which some of the adsorbates remains undesorbed in the column (Ho et al., 1998) . Physically, the desorption limit represents the fraction of adsorbates firmly bound by the adsorbents, which is believed related to the sizes of the adsorbent pores, some of which can trap the adsorbates (Ho et al., 1998) .
Ideally, a high performance column must not only have a large adsorption capacity for the specific adsorbate, but must also desorb/release the adsorbates from the column completely, easily and quickly. The desorption behavior of vitamin E from silica gel column using isopropanol was detailed in this work. The objective was to understand the effect of the operating parameters i.e. bed height, column temperature and flow rate on the recovery of vitamin E from palm fatty acid distillate (PFAD). PFAD is a rich source of vitamin E and the separation of this vitamin by adsorption process was in batch system described previously (Quek et al., 2007; Chu et al., 2005; Chu et al., 2004a Chu et al., , 2004b Chu et al., , 2004c .
MATERIALS AND METHODS

Materials
PFAD (iodine value 52.6 g of I 2 /100 g of oil; slip melting point 48.5 o C) was obtained from Golden Jomalina Food Industries Pte. Ltd., Teluk Panglima Garang, Selangor, Malaysia. Column chromatography grade silica gel 60 (diameter size, 0.063-0.200 mm; specific pore volume, 0.74-0.84 ml/g; specific area, 480-540 m 2 /g) was purchased from Merck, Darmstadt, Germany. All chemicals used were either of analytical or high performance liquid chromatography (HPLC) grades.
Preparation of vitamin E saturated columns
A glass chromatographic column of 15 mm i.d. with water jacket and Teflon stopcocks was packed with silica gel. The column was filled with 5 ml hexane, before the silica gel -ranging from 2.5 to 10.0 g, giving various bed heights of 2.6-10.3 cm -slurried in hexane was poured into the column. The columns were then eluted with the vitamin E-rich PFAD hexane solution (vitamin E concentration of 4.43 mg/ml) using a peristaltic pump at a flow rate of ~2 ml/min. Elution of PFAD solution was stopped when the outlet vitamin E concentration did not change much, indicating that the column was exhausted and saturated with vitamin E. It was assumed that the degree of saturation was similar for all the columns as they were eluted under the same conditions.
Desorption experiments
Unless otherwise specified, the desorption of vitamin E was under the following conditions: isopropanol eluted through a 5.1 cm long column at 2 ml/min and the column temperature was set at 40 + 1 o C. Samples of the effluent were collected periodically for determination of vitamin E concentration. Columns packed with silica gel ranging from 2.5 to 10.0 g (giving bed heights of 2.6-10.3 cm) were used to study the effect of bed height on the desorption process. For the effect of flow rate, isopropanol was eluted at 1, 2, 3 and 4 ml/min. The water bath temperature was varied from 35 to 45 o C to study the effect of the column 2 International Journal of Food Engineering, Vol. 6 [2010] , Iss. 5, Art. 4 DOI: 10.2202 /1556 -3758.1767 temperature. Solvents in the eluent collected were evaporated using a rotary evaporator under a reduced pressure.
Determination of vitamin E
Vitamin E determination was carried out using a HPLC. The column used was a Purospher STAR RP-18 endcapped column (Merck, Darmstadt, Germany) held at 40 o C. The tocopherols and tocotrienols were identified and quantified and their total amount was regarded as the vitamin E content.
Model fitting and statistical analysis
Experimental data were fit into the desorption model using DataFit version 5.0 software (Oakdale Engineering, PA, US). Analysis of variance (ANOVA) was carried out to analyse the data where applicable, using SAS (1989) software package release 6.1. The significant difference level was set at 0.05. Each reported value was the mean of three replicate runs.
RESULTS AND DISCUSSION
Desorption profiles
Figures 1a-c show the desorption profiles of vitamin E from silica gel-packed columns in terms of the dimensionless concentration fraction, C t /C o , against elution time, t (min), as functions of the bed height, column temperature and flow rate, respectively. C t /C o is the ratio of the vitamin E outlet concentration at t min to that at zero min. The plots were very different from other works, especially those for the desorption of organic chemicals and metal ions in aqueous systems (Ho et al., 1998; Thibaud-Erkey, 1996; Farrell and Reinhard, 1994; Allen et al., 1995) . For all the systems, C t /C o decreased slightly (from 0.73 to 0.85, depending on experimental conditions) from the start of the elution before rising to a maximum of >1. There was then a gradual decrease to almost zero as the desorption proceeded to its end.
During the commencement of elution, the slight decrease in C t /C o was because of the isopropanol diluting the unadsorbed vitamin E molecules in the residue of the hexane earlier used to saturate the column with vitamin E. As more isopropanol was introduced, the solvent in the column gradually changed from 100% hexane to 100% isopropanol, and its polarity increased from zero (hexane) to 4.4 (isopropanol) . With yet more isopropanol, C t /C o gradually decreased to its minimum, and thereafter rose to its maximum. The changes in C t /C o could be due to the fact that a threshold concentration of isopropanol, and therefore a threshold overall polarity of the solvent system, was required for the bound vitamin E to start desorbing from the column. With more isopropanol, the concentration of isopropanol (or the overall polarity of the solvent system) in the column gradually increased. Only when the overall polarity of the solvent system in the column exceeded the threshold did the desorption of vitamin E start in earnest. Figure 1 . Desorption profiles of vitamin E from silica gel column as functions of (a) column bed height, (b) column temperature and (c) isopropanol flow rate, respectively. Otherwise specified, desorption was carried out by eluting isopropanol through columns with a bed height of 5.1 cm at a flow rate 2.0 ml/min at 40 o C.
During the desorption process, visually, a distinct band of adsorbate moved towards the column outlet when isopropanol was eluted. This could be explained by assuming that the vitamin E molecules in the column were desorbed at two distinct rates: a rapid and a slower process. Such a phenomenon has been observed in a preliminary batch desorption study. When isopropanol was eluted through the column, the rapidly desorbing vitamin E molecules were released from their binding sites, leaving behind those slower desorbing. As the C t/C o 1 ml/min 2 ml/min 3 ml/min 4 ml/min b c a isopropanol continued down the column, the sheer concentration of the rapidly desorbed molecules formed the distinct band, which gave rise to the peaks in the plots in Figures 1a-c . The slowly desorbing molecules were eluted out later, as indicated by the gradually decreasing C t /C o towards the end of the elution. Two-stage desorption behavior was common for release of organic chemicals from soils/sediments (Autenrieth et al., 1992; Gong et al., 1998) and microporous adsorbents such as silica gel, zeolite and montmorillonite (Cornelissen et al., 1998) . Although silica gel is composed of a homogenous material, silica surfaces are composed of two types of binding sites: high-energy, polar silanol (Si-OH) groups and low-energy, less polar siloxane (Si-O-Si) groups (Gregg, 1982) . It was postulated in this study that a portion of the vitamin E molecules adsorbed to the less polar siloxane groups. Another portion of vitamin E molecules would adsorb to the silanol groups. It was more difficult to release the vitamin E molecules from the high-energy silanol groups and the desorption process was distinctly took longer time. This might explain the occurrence of fractions desorbing at two distinct rates. Therefore, the rapid release represented description of vitamin E molecules from siloxane groups, while the slow release was attributed to desorption from silanol groups. Figure 1a shows that increasing the column bed height prolonged the elution and required more isopropanol to desorbe the vitamin E from the column completely. This was expected as at a fixed flow rate, it took longer time for isopropanol to travel through the column and needed more isopropanol to desorb the adsorbates from a longer column. C t /C o at the elution peak was higher in the longer columns. For example, the peak C t /C o increased from 1.49 to 1.72 when the column bed height was increased from 2.6 to 10.3 cm. This was due to the fact that more vitamin E molecules accumulated in the desorption band when isopropanol moved down a longer column. Increasing the column temperature caused a faster vitamin E release (Figure 1b) , suggesting that desorption of vitamin E from silica gel was an endothermic process. Similar findings were observed in other systems such as the desorption of insecticides from soil (Zhou et al., 1997) and phenolic compounds from granular activated carbon (Mollah and Robinson, 1996) . At a higher column temperature, the desorption profile recorded a higher C t /C o peak in a shorter elution time. Since higher temperature favors desorption, more vitamin E was desorbed from the binding sites and accumulated in the isopropanol per unit time. At a higher column temperature, the vitamin E adsorbed on silica gel also required less isopropanol to achieve the overall threshold polarity in the solvent system to desorb.
Effect of operating parameters
Increasing the isopropanol flow increased the elution time and the volume of isopropanol required. At a higher flow rate, the desorption profile reached its C t /C o peak faster, although the peak was rather lower than that with a slower flow rate (Figure 1c) . For example, increasing the flow rate from 1 to 4 ml/min decreased the C t /C o peak from 1.41 to 1.12, and the time taken to reach the peak from 5 to 2 min. At the higher flow rate, the system reached its overall threshold polarity faster and allowed the desorption to start earlier. However, the vitamin E accumulating in the solvent became diluted as the ratio of vitamin E desorbed to isopropanol fell at the higher flow rate. A similar case happened during slow desorption, resulting in a tailing off in the desorption profile at higher flow rate. Generally, the flow rate is not relied on to release the adsorbates in an adsorption column, unless it is a high rate (Abadzic and Ryan, 2001 ).
Model fitting of vitamin E desorption
The slow desorbing stage was particularly important as it was the rate-controlling step for vitamin E desorption from silica gel. Apparent rate laws have been employed to describe desorption in dynamic systems (Allen et al., 1995) . The apparent rate depends on the solvent flux and operating parameters. In this study, the slow desorption data were fitted into a first-order (exponential) model (Allen et al., 1995) :
where a f is the apparent fractional concentration of the desorbed vitamin E at zero time (dimensionless), while k is the desorption rate coefficient (1/min). Both a f and k were determined by non-linear regressions. Table 1 shows the desorption parameters and goodness-of-fit of Equation [1] . The model significantly (P < 0 . 0 1 ) a c c o u n t e d f o r t h e k i n e t i c s o f s l o w desorption for all the systems with coefficient of determination (R 2 ) from 0.9537 to 0.9989. The residual sum of square and standard error were also low (< 0.11 and < 0.09, respectively). a f was rather inconsistent with the changes in the experimental parameters (i.e., bed height and column temperature). Nevertheless, it tended to decrease with increased flow rate (Table 1) . It was reported in a previous study that a f is a function of the column flow rate -as the flow rate increased, the concentration of desorbed adsorbates in the solution decreased (Allen et al., 1995) . This was in accordance with the current findings.
Increasing the column bed height decreased k. As the desorbed vitamin molecules traveled along the column, they had to diffuse through the silica gel matrix -the longer the column, the higher the external resistance and intraparticle
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International Journal of Food Engineering, Vol. 6 [2010] , Iss. 5, Art. 4 DOI: 10.2202 /1556 -3758.1767 diffusion resistance faced by the molecules. This resulted in a slower release of vitamin E at the column outlet which decreased k. Since the desorption of vitamin E from silica gel is endothermic, increasing the column temperature increased k. Increasing the column temperature from 35 to 50 o C increased the desorption rate 2.5 times. Meanwhile, k decreased with increasing flow rate. A higher flow rate provided less contact time between the desorbing solvent and silica gel, resulting in less desorption of vitamin E for a given volume of eluent (Allen et al., 1995) . , RSS and SE represent apparent fractional concentration of slow-desorbed vitamin E at zero time, coefficient of slow desorption rate, coefficient of determination, residual sum of square and standard error, respectively. Level of significance: ***, P < 0.001; and **, P < 0.01.
Activation energy of desorption
Activation energy is required in desorption to overcome the adsorptive interactions between the absorbate and adsorbent at the binding sites. In this study, the temperature dependency of the slow desorption rate is described by the Arrhenius relationship (Cornelissen et al., 1998; Johnson and Weber Jr., 2001) :
where k o is the Arrhenius pre-exponential factor, E and R the activation energy of the desorption process (kJ/mol) and universal gas constant (8.31 J/mol/K), respectively, and T the reaction temperature (K). The equation can be rearranged in a linear form:
The plot of ln k against 1/T is shown in Figure 2 . The R 2 of 0.8793 showed the applicability of the relationship for describing the temperature dependence of the slow desorption. The activation energy, E, for slow desorption, determined from the slope (−E/R) of the resulting straight line, was 47.93 kJ/mol -slightly higher than those from previous findings (Karger and Ruthven, 1992) on microporous materials (20-40 kJ/mol). It was reported that E strongly depended on the adsorbent and adsorbate characteristics (Johnson and Weber Jr., 2001 ). The type of interaction force (whether van der Waal's, polar-polar or hydrogen bonding) between the adsorbent determines the magnitude of E. 
Recovery of vitamin E and its concentration in the extract
The percentage recovery of vitamin E is of major importance in the performance of the adsorption column. Vitamin E recovery is expressed as: where N t and N s are the amounts of vitamin E desorbed (mg) at t min and adsorbed in the column at saturation (mg), respectively. For the S-shaped adsorption breakthrough curve, the total capacity of the column at saturation must equal the amount of vitamin E adsorbed at 50% breakthrough (Guibal et al., 1995) . As the vitamin E adsorption on silica gel exhibited the S-shaped curve, the amount of vitamin E adsorbed in the column at saturation is (Ko et al., 2001) :
where F and t 0.5 are the flow rate of the vitamin E solution during the adsorption (ml/min) and the time (min) at which the vitamin E outlet concentration is onehalf that of the inlet concentration (i.e., the service time at 50% breakthrough), respectively.
Figures 3a-c show the percentage recoveries of vitamin E from desorption under the tested conditions. For all the systems, the recovery increased from commencement of the elution until a plateau was reached. It took 8-20 min to desorb almost all the vitamin E (percentage recoveries ranging from 94.8% to 98.8%) from the columns. In other words, there was no significant desorption limit or heel as reported in other studies (Ho et al., 1998) . The desorption rate was reflected in the slope of the curve: a higher desorption rate with a steeper recovery curve. The slope of the curve became steeper with a decrease in the column bed height (Figure 3a ) and flow rate (Figure 3c ). The reverse was true for the column temperature (Figure 3b) . Also, the time taken to achieve maximum vitamin recovery was longer in a longer column. A similar case was found in systems with lower column temperature and higher flow rate. Table 2 shows the result of ANOVA for percentage vitamin E recovery and vitamin E concentration in the extract recovered from the effluent by evaporating the solvent. Generally, the percentage recoveries of vitamin E on completion of desorption were similar (P > 0.05) under the test conditions, although it tended to be higher for the shorter columns and higher column temperature. Generally, the vitamin E concentration in the extract was not significantly (P > 0 . 0 5 ) a f f e c t e d by t h e o p e r a t i n g p a r a m e t e r s i n t h i s s t u d y , although the longest column (10.3 cm) and highest column temperature (50 o C) exhibited significantly (P < 0.05) higher vitamin concentration in the extract. The findings suggested that although the desorption rate, percentage recovery and vitamin E concentration in the extract were functions of the bed height, column temperature and flow rate, they were rather unaffected by these operating parameters as long as the column was kept eluted by isopropanol for a sufficient time to desorb all/almost all the vitamin E. Any differences in the vitamin E recovery were more likely due to the completeness of the isopropanol elution than any diffusion or kinetic limitations by the bed height, column temperature and flow rate. However, in using isopropanol, desorption at a higher column temperature and lower flow rate was still preferable. This combination shortened the desorption time and minimized the requirement for isopropanol. A longer column needed more isopropanol to complete the desorption although this may be justified from the higher yield of vitamin E extract. 
CONCLUSION
In conclusion, an overall threshold polarity was required for the solvent system to start the desorption of vitamin E from the silica gel column. The vitamin E may simultaneously desorb at two rates -rapid and slow. These two desorption behaviors were shown in the unique desorption profile of vitamin E from the silica gel column. The rate of desorption increased with the column temperature, but decreased with increasing column bed height and flow rate. The percentage recovery of vitamin E at complete desorption was high for all the systems (94.8-98.8%), with vitamin E concentration in the extract of 18.4-21.5%. 
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